Abstract
time point before and one after thawing permafrost soil, revealing an enhanced transcription 1 0 8
of genes related to DNA repair functions and enhanced biofilm formation in frozen soil as 1 0 9
compared to after thawing.
0
At present, the soil microbial responses to i) temperature change at sub-zero temperature, ii) 
8 3
Our low annotation rates were likely partly due to limitations of the database when working 2 8 4
with (Arctic) soils and partly to our stringent bioinformatic pipeline filtering less abundant 2 8 5
contigs and potential non-coding RNAs. However, the pipeline adds more confidence to the 2 8 6
annotation output (Anwar et al., 2019) .
8 7
In contrast, annotation using CAZy revealed many transcripts involved in lignocellulose 1 5 segments and, hence, e-values), which uses more sensitive hidden Markov modelling for 2 9 1
annotation. The increase in transcripts assigned by CAZy to encode lytic polysaccharide 2 9 2 monooxygenase, cellulose, hemicellulose and chitinase genes at C 2°C indicates that soil thaw 2 9 3 enhances degradation of soil organic polymers of plant or fungal origin. A pronounced 2 9 4
response to thawing was associated with lytic polysaccharide monooxygenases, which are 2 9 5
produced by numerous fungi and bacteria (Johansen, 2016) . They constitute the first wave of 2 9 6
attack on the most recalcitrant natural polysaccharides and initiate degradation of 2 9 7
lignocellulose (Johansen, 2016) and chitin (Vaaje-Kolstad et al., 2010) . Thus, lytic 2 9 8
polysaccharide monooxygenases are secreted relatively early in the degradation process, 2 9 9
while cellulases only appear at elevated levels later in the degradation process (Navarro et al., 
0 1
The initiation of chitin, cellulose and hemicellulose gene transcription happened within 17 3 0 2 days of soil thawing and the resulting enzymes may have contributed to the observed increase 3 0 3
in CO 2 production. The soil microorganisms degrading lignocellulose and chitin seem to be 3 0 4
able to respond to thaw within days and this response rate has implications for our 3 0 5 understanding of CO 2 emission from tundra soils. The microbial degraders of complex soil 3 0 6 organic matter may be able to make the most of short summers and of freeze-thaw cycles that 3 0 7 result in unfrozen conditions for days or weeks during autumn, winter and spring.
0 8
In contrast, transcripts related to lignolytic gene activity decreased markedly upon soil thaw.
0 9
This was likely caused by a decrease in fungal activity as the number of fungal 18S rRNA lignin-degrading capabilities.
1 5
Transcripts of genes encoding particulate methane monooxygenase responsible for oxidation 3 1 6 of methane at low concentration also decreased markedly from W 2°C to C 2°C , which coincided 3 1 7
with a shift in methane emission as the soil changed from a (small) net sink to a (small) net 3 1 8
source of methane. The bacterial taxa performing methane oxidation in soils are generally 3 1 9
slow growing (Islam et al., 2015) and we hypothesize that they were not able to outgrow the 3 2 0
intense grazing by fast-growing protozoa initiated by soil thaw (Schostag et al., 2019) [the 3 2 1 increase in the eggNOG category 'Chromatin structure and dynamics' likely reflects an 3 2 2 increase in protozoan activity] leading to a decrease in numbers of methanotrophic bacteria.
2 3
This may influence the ability of methanotrophic bacteria following spring thaw to oxidize 3 2 4
atmospheric methane and methane emitted from deeper soil strata when these thaw. freezing (between C 2°C and C -2°C ). Thus, the number of transcripts encoding nitrate and nitrite 3 9 3
reductases increased, while a decrease was observed for nitric oxide reductase transcripts.
9 4
Two different nitrite reductases are known, NirK encoded by nirK and NirS encoded by nirS.
9 5
Individual denitrifying bacteria and archaea are only known to produce one of these 3 9 6
reductases, as no denitrifying organism has been found that produces both. Strikingly, the 3 9 7
number of transcripts assigned to nirK decreased upon re-freezing, while the number for nirS single NCycDB function were downregulated one day after thaw.
2 6
The modest stress response may enable the microorganisms to focus on non-stress functions 4 2 7 such as obtaining energy and nutrients from degradation of soil lignocellulose and chitin.
2 8
Thus, the enhanced production of chaperones preceded a substantial increase in transcription the fourfold increase in CO 2 production rates during the 16 days at 2 °C indicates enhanced 4 3 5 microbial activity. We think that the enhanced emission of CO 2 was not due to release of 4 3 6 previously trapped gas in ice, as the emission rate was measured 17-18 days after thaw and 4 3 7
other experiments in our lab indicate that trapped CO 2 is emitted from frozen soil within a 4 3 8 few days of soil thaw (unpublished data).
3 9
The increase in transcripts related to translational activity also included molecular chaperones and downregulating genes associated with eight functions. Most of these were annotated as 4 6 0 unknown functions, but we identified a decrease in transcription of genes related to cell 4 6 1 motility upon freezing likely as a response to ice physically inhibiting prokaryotic motility.
6 2
Also, two of the upregulated functions were associated with defense against oxidative stress, logger and visual inspection of the core indicated that it did not thaw during transport. In
2 7
Copenhagen, all sample preparation was carried out in a -14 °C freeze lab before incubation.
2 8
To avoid microbial contamination, all surfaces were sterilized by UV exposure and all 5 2 9 equipment were washed with ethanol. The core was cut in half and the inner core soil was 
3 6
The samples were incubated for a total period of 26 days initiated with a pre-incubation step 5 3 7
at -10 °C for 40 hours, then gradually increasing the temperature to 2 °C over five days,
3 8
keeping a stable temperature of 2 °C for an additional 16 days, and finally a cooling phase 5 3 9
with decreasing temperatures to -10 °C over five days. In this way, our experiment simulated showed that temperature at 1 cm soil depth is below -10 °C during winter and increases from - from each sample, a carbohydrate-degradation specific one with CAZy enzymes, and a 6 2 5
nitrogen cycling specific one with NCycDB enzymes.
2 6
The beta diversity and multivariate analyses were done with the raw and non-rarefied PERMANOVA tests were performed on the Euclidean distance profiles using 10,000 6 3 4
permutations in order to assess the significance of the tested factors.
3 5
To identify which eggNOG, CAZy and NCycDB genes, gene families or functional 6 3 6
subsystems were significantly differentially expressed at different incubation times we used 6 3 7
DESeq2 (Love et al., 2014) module of SarTools pipeline (Varet et al., 2016) . This was done 6 3 8
using parametric mean-variance and independent filtering of false discoveries with 6 3 9
Benjamini-Hochberg procedure (P > 0.05) to adjust for type 1 error. climate change: projections, commitments and irreversibility. to make a living from anaerobic ammonium oxidation. Monte-Carlo simulation with 10,000 permutations (P < 10 -6 for all three databases). 
